Abstract. Large dsDNA-containing chlorella viruses encode a pyrimidine dimer-specific glycosylase (PDG) that initiates repair of UV-induced pyrimidine dimers. The PDG enzyme is a homologue of the bacteriophage T4-encoded endonuclease V. The pdg gene was cloned and sequenced from 42 chlorella viruses isolated over a 12-year period from diverse geographic regions. Surprisingly, the pdg gene from 15 of these 42 viruses contain a 98-nucleotide intron that is 100% conserved among the viruses and another 4 viruses contain an 81-nucleotide intron, in the same position, that is nearly 100% identical (one virus differed by one base). In contrast, the nucleotides in the pdg coding regions (exons) from the introncontaining viruses are 84 to 100% identical. The introns in the pdg gene have 5Ј-AG/GTATGT and 3Ј-TTGCAG/ AA splice site sequences which are characteristic of nuclear-located, spliceosomal processed pre-mRNA introns. The 100% identity of the 98-nucleotide intron sequence in the 15 viruses and the near-perfect identity of an 81-nucleotide intron sequence in another 4 viruses imply strong selective pressure to maintain the DNA sequence of the intron when it is in the pdg gene. However, the ability of intron-plus and intron-minus viruses to repair UV-damaged DNA in the dark was nearly identical. These findings contradict the widely accepted dogma that intron sequences are more variable than exon sequences.
Introduction
Large (150 to 190 nm in diameter) icosahedral, plaqueforming, dsDNA-containing viruses that infect certain isolates of unicellular, eukaryotic chlorella-like green algae are common in freshwater collected throughout the world (Van Etten et al. 1985a, b; Schuster et al. 1986; Zhang et al. 1988; Yamada et al. 1991) . Virions of the prototype chlorella virus, PBCV-1, contain at least 50 proteins and a lipid component located inside the outer glycoprotein capsid (Skrdla et al. 1984; Wang et al. 1993 ). The PBCV-1 genome, a linear, nonpermuted dsDNA molecule with covalently closed hairpin ends has been sequenced 1996; Li et al. 1995 Li et al. , 1997 Kutish et al. 1996) . The 330,740-bp genome encodes 702 open reading frames (ORF) 65 codons or larger, of which 377 are predicted to encode proteins (Li et al. 1997) .
Perhaps one of the more interesting PBCV-1-encoded proteins is one that resembles the bacteriophage T4 denV gene product (Furuta et al. 1997) . The denV gene encodes a well-characterized, pyrimidine dimer-specific glycosylase, apyrimidine lyase, called endonuclease V (T4-PDG), that initiates repair of UV-induced pyrimidine dimers in DNA (Yasuda and Sekiguchi 1970; Lloyd and Linn 1993; Lloyd 1999) . Although T4-PDG-like enzyme activity has been discovered in several microorganisms, including Micrococcus luteus (Grafstrom et al. 1982; Piersen et al. 1995; Shiota and Nakayama, 1997) and Saccharomyces cerevisiae (Hamilton et al. 1992) , with the exception of one enzyme from M. luteus (Shiota and Nakayama 1997) , these enzymes differ from T4-PDG in size and amino acid sequence. The discovery of a PBCV-1-encoded homologue to T4-PDG (41% amino acid identity) led to structural and functional comparisons between the two enzymes. The PBCV-1 enzyme is a cis-syn and trans-syn-II cyclobutane pyrimidine dimer glycosylase (PBCV-1-PDG) (McCullough et al. 1998) , whereas the T4 enzyme cleaves only the cis-syn cyclobutane pyrimidine isomer. In addition, PBCV-1-PDG has a stronger electrostatic attraction for DNA than the T4 enzyme; i.e., PBCV-1-PDG is more processive than T4-PDG.
The discovery of functional differences between the PBCV-1 and the T4 enzymes prompted us to characterize T4-PDG homologues from 41 other chlorella viruses from diverse geographic regions. As described in this paper, pdg genes from 15 viruses contain a 98-nucleotide intron and another 4 viruses contain an 81-nucleotide intron. These introns interrupt the coding region at identical positions in the pdg gene. Surprisingly, the nucleotide sequence of the 98-nucleotide intron is 100% conserved, regardless of the origin of the viruses. Moreover, three of the four 81-nucleotide introns were identical; the fourth differed by only one nucleotide. In contrast, the exon nucleotide sequences of the pdg genes were less conserved among the viruses.
Materials and Methods

Viruses and Host Strains
The geographic sources of the 42 (including PBCV-1) chlorella viruses and the year they were isolated are listed in Table 1 . The growth of the host alga, Chlorella strain NC64A, on MBBM medium, plaque assay, production of the viruses, and isolation of virus DNAs have been described (Van Etten et al. 1981 , 1983a .
Polymerase Chain Reaction (PCR)
Single plaques from chlorella viruses were transferred with sterile toothpicks to 200 l of 50 mM Tris-HCl, pH 7.5. After soaking for 2 h, 50-l aliquots were boiled for 10 min and the samples were used as templates for PCR.
Primers corresponding to the 5Ј and 3Ј ends of the PBCV-1 pdg gene were used to amplify the pdg gene from many of the viruses. The sequence of the PBCV-1 5Ј primer was 5Ј-ATCGGATCCCATAT-GACACGTGTGAATCTCGTACC; the sequence of the PBCV-1 3Ј primer was 5Ј-AATGGATCCTTAATTATTGCTGGTTTTAGC. The sequence of NY-2B 3Ј primer was 5Ј-AATGGATCCTTAATTAT-CATTATGATTAG. All primers contained a BamHI restriction site (in boldface). The PCR products were either sequenced directly or digested with BamHI and cloned into the BamHI site of pBluescript IIKS(−) (Stratagene, La Jolla, CA, USA) before sequencing. Complementary DNA (cDNA) and PCR Total RNA was isolated from chlorella virus-infected cells using Trizol reagent (GIBCO-BRL, Gaithersberg, MD, USA). cDNA synthesis of the PDG mRNA and amplification of DNA were described previously (Grabherr et al. 1992) . The pdg 3Ј primer of PBCV-1 (for viruses containing the 98-nucleotide intron) or NY-2B (for viruses containing the 81-nucleotide intron) was used to synthesize cDNA. The forward primer, the PBCV-1 pdg gene 5Ј primer, and the reverse primer, the PBCV-1 (for viruses containing the 98-nucleotide intron) or NY-2B (for viruses containing the 81-nucleotide intron) pdg gene 3Ј primer, were used to amplify the pdg DNA from the cDNA templates.
DNA Sequencing
PCR products and cloned PCR products were sequenced from both strands by the procedure of Sanger et al. (1977) , as modified by Tabor and Richardson (1987) , using a Version 2.0 Sequenase kit from Amersham Life Science (Arlington Heights, IL, USA). Some DNA fragments were also sequenced at the University of Nebraska Center for Biotechnology DNA sequencing core facility. Purified viral genomic DNAs were also used as templates for DNA sequencing using oligonucleotide primers that hybridized within the pdg gene; these DNA sequences allowed both ends of the pdg genes to be determined. These reactions contained 3.2 pmol of oligonucleotide primer and reaction regents from an AmpliTaq Dye-Terminator cycle sequencing kit (Applied Biosystems, Inc., Foster City, CA, USA). Mixtures were heated through 35 cycles at 96°C for 30 s, 50°C for 15 s, and 60°C for 4 min. The reaction products were purified by centrifugation (Centri-Sep columns; Princeton Separations, Inc., Adelphia, NJ, USA) and dried in vacuo (Savant Instruments, Inc., Hicksville, NY, USA). The residue was resuspended in a 5:1 mixture of deionized formamide and 50 mM EDTA, heated at 95°C for 2 min, and then cooled on ice. Samples were loaded onto 5% polyacrylamide gels to resolve the DNA sequence by electrophoresis (Model 373A automated DNA sequencer; Applied Biosystems, Inc.).
Other Procedures
DNA probes were labeled with a random primers DNA labeling kit (GIBCO-BRL). For dot blots, denatured virus DNAs were applied to nylon membranes (Micron Separation Inc., Westborough, MA, USA) as described (Ross et al. 1989) .
UV radiation sources and the procedures used to assay the viruses for repair of UV damage in the dark were identical to those used previously (Furuta et al. 1997) . DNA, RNA, and protein sequences were analyzed with the University of Wisconsin Genetics Computer Group package of programs (Genetics Computer Group, 1994) . The number of synonymous and nonsynonymous amino acid substitutions was estimated using the DIVERGE command in GCG version 9.0, which employs the modified method of Li (1993) and Pamilo and Bianchi (1993) . Computer programs used to construct the phylogenetic trees are described in the results section. The 42 pdg genes are deposited in GenBank under Accession numbers AF128127 to AF128168.
Results
The pdg Gene Is Widespread in the Chlorella Viruses
Twenty-nine of the 42 viruses used in this study were isolated from water samples collected in different regions of the United States in 1983 -1984 (Van Etten et al. 1985a Schuster et al. 1986 ) and seven were isolated from water collected in China in 1987 (Zhang et al. 1988) . Including PBCV-1, which was isolated in 1981, several criteria were used to group these 37 viruses into 16 classes (Table 1) (Van Etten et al. 1991) . To increase the geographic diversity of the viruses, we included an additional virus from China, two viruses from Argentina, and one each from Israel and Australia; these five viruses were isolated in 1995-1996.
The PBCV-1 pdg gene probe hybridized to dot blots of DNA from all the viruses (Furuta et al. 1997 ; L. Sun, unpublished results), indicating that the gene is widespread in the chlorella viruses. Using the DNA sequence of the PBCV-1 pdg gene as a guide to make oligonucleotide primers, DNA was amplified from 41 viruses by PCR. DNA from 28 of the viruses produced PCR products with these primers that were cloned and sequenced (Table 1 ). The size of the PCR products from 13 of these 28 viruses was identical to that produced with the PBCV-1 pdg gene, i.e., 447 nucleotides. However, the PCR products from the other 15 viruses, such as IL-3A and AL-1A, were larger, 545 nucleotides. The predicted translation products of the 13 DNA sequences that were the same size as the PBCV-1 gene resembled the PBCV-1-PDG sequence (Fig. 1) . In fact, the predicted amino acid sequences from two viruses, XZ-3A and XZ-4A, were identical to PBCV-1-PDG; the other 11 PDG enzymes were 94 to 98% identical with the PBCV-1 enzyme (Fig. 1) . In contrast, the DNA sequences from the other 15 viruses did not translate into inframe proteins. However, removal of a 98-nucleotide region (Fig. 2) , from nucleotides 59 to 156, created proteins that resembled PBCV-1-PDG (Fig. 1) . The predicted amino acid sequence of the proteins encoded by 4 of these viruses, AR93-2, NC-1C, SC-1A, and SC-1B, was 100% identical to PBCV-1-PDG; the other 11 viruses encoded proteins with 95 to 99% amino acid identity to the PBCV-1 enzyme (Fig. 1) . As expected, synonymous substitutions occurred more frequently than nonsynonymous substitutions, and the proportion of substitution type showed only slight variation among all genes sampled (Table 2) .
No PCR products were obtained with the PBCV-1 pdg-gene primers for 13 viruses, even though their DNAs hybridized to the pdg-gene probe. To clone the pdg genes from these 13 virus DNAs, DNA restriction fragments were identified by Southern blotting, eluted from gels and cloned into pBluescript II KS(−). Appropriate clones were sequenced and predicted amino acid sequences of these proteins are included in Fig. 1 . The predicted amino acid sequence from 8 of the 13 viruses, IS-10, BJ-2C, XZ-5C, XZ-6E, NC-1A, NC-1B, NY-2F, and SH-6A, was two amino acids smaller than PBCV-1-PDG (Fig. 1) . The protein encoded by virus CH-57 was one amino acid longer than PBCV-1-PDG. Furthermore, the last seven amino acids at the carboxyl end of the CH-57 protein differed from PBCV-1-PDG (Fig. 1) . The remaining four viruses, NYs-1, NY-2A, NY-2B, and AR158, contained an apparent, "extra" 81-nucleotide insert in the putative pdg gene at the same position as the 98-nucleotide insert. Removal of this 81-nucleotide region (Fig. 2) , from nucleotide 59 to nucleotide 139, created in frame ORFs that encoded proteins with 90 to 91% amino acid identity to PBCV-1-PDG (Fig. 1) .
Comparisons of the pdg coding regions to a consensus pdg gene are shown in Fig. 3 . Nucleotide sequences of the pdg genes from viruses XZ-3A and XZ-4A were identical to PBCV-1, whereas the pdg genes from the other viruses ranged from 84 to 98% identical to PBCV-1. Including all the viruses, 123 of the 420 to 426 nucleotides in the pdg coding region differed from the consensus pdg gene. Seventy-three, or 59%, of these 123 nucleotide differences occurred in the third position of the codon.
Some Chlorella Virus pdg Genes Contain an Intron
The apparent "extra" 81 nucleotides (4 viruses) and 98 nucleotides (15 viruses) in the pdg genes in 19 viruses have sequence characteristic of nuclear, spliceosomalprocessed introns. Pre-mRNAs with spliceosomalprocessed introns typically have three short consensus sequences: (i) the 5Ј splice site is AG/GURAGU in mammalian cells and AG/GUAUGU in yeast, (ii) the 3Ј splice site is (Y) n NYAG/G in mammalian cells and YCAG/G in yeast, and (iii) a branch point sequence, which is more variable, but usually is UNCURAC in mammalian cells and UACUAAC in yeast (Green 1991; Balvay et al. 1993; Lamond 1993) . The "extra" 81 and 98 nucleotides in the pdg genes contain potential 5Ј (AG/ GUAUGU) and 3Ј (UUUUUGCAG/A) splice site sequences and a putative branch point sequence (UCAC) with a lariat-forming adenine residue located either 55 or 56 nucleotides upstream of the 3Ј splice site.
To determine if the 81 or 98 nucleotides in the pdg genes are removed from the final transcript, RNA was isolated from chlorella cells at 180 and 240 min after infection with virus NY-2B (81-nucleotide) or 60 and 90 min after infection with virus IL-3A (98-nucleotide); cDNAs were synthesized from pooled samples by reverse transcription and amplified by PCR. The cDNA products were identical in size to that of the PBCV-1 pdg gene product, which lacks an intron. Comparison of the cDNA sequences to either the NY-2B or the IL-3A genomic DNAs established that 81 or 98 nucleotides, respectively, are removed from the mRNAs and that the splice sites are identical to those predicted above. Therefore, the "extra" 81 and 98 nucleotides in the pdg gene from the 19 chlorella viruses are introns. The intron occurs after the first nucleotide in a Glu codon. The 81-and 98-nucleotide introns resemble each other and the size difference may reflect a 16-nucleotide deletion or insertion (Fig. 2) . Twelve (13 for virus NY-2B) of the remaining 81 nucleotides, or about 15%, differ between the 81-and the 98-nucleotide introns. Both introns are A+T rich, 78 and 83%, for the short and long introns, respectively. In contrast, the pdg coding region from all the viruses is 60% A+T, the same as the whole virus genome (Van Etten et al. 1985c ). Both introns contained many internal TAA translational stop codons and neither intron encoded a significant ORF.
The following experiments indicate that the virus genomes contain only one copy of the intron and that the introns are located exclusively in the pdg gene. (i) DNAs from the 42 viruses (including PBCV-1) were hybridized with probes for both introns. The 98-nucleotide intron probe hybridized to the 15 virus genomic DNAs with the 98-nucleotide intron in their pdg genes and weakly with the 4 viruses that have the 81-nucleotide intron (Fig. 4A) . The 81-nucleotide probe hybridized not only to the 4 viruses with the smaller intron, but also to the 15 virus DNAs with the longer intron (Fig. 4B) . Densitometric measurements of the blots revealed that hybridization intensity for the virus DNAs were similar, indicating that all of the 19 viruses have the same number of introns, (ii) Southern blots of virus NY-2B-or IL-3A-DNAs cleaved with eight restriction endonucleases were hybridized with the 81-nucleotide intron or the 98-nucleotide intron, respectively. In each blot, only one restriction fragment hybridized to the probe, consistent with one intron per genome. (iii) No DNA sequence that resembles either intron occurs in the PBCV-1 genome or in the databases.
UV Sensitivity of Intron-Containing and Intron-Lacking Viruses
The almost-perfect identity of the 81-nucleotide and 98-nucleotide intron sequences for viruses that were isolated over a period of 12 years and separated by thousands of miles suggests selection pressure maintains the intron sequence in the pdg gene. One possibility is that introns improve repair of genomic UV damage. To test this hypothesis, we compared the UV sensitivity of intron- containing (NC-1C and IL-3A contain a 98-nucleotide intron and viruses NY-2B and NYs-1 contain an 81-nucleotide intron) and intron-lacking (PBCV-1, IL-3D, and MA-1D) viruses. The viruses were exposed to increasing doses of UV radiation, and the virus titer plates were incubated in the dark for 3 to 5 days. Survival rates of all viruses were similar (Fig. 5) .
Phylogenetic Analyses
Evolutionary relationships among the 42 chlorella virus pdg genes were determined. Predicted amino acid sequences of the coding regions were aligned using the Pileup command in GCG, version 9.1 (Genetics Computer Group 1997), optimized manually, and then backtranslated to nucleic acid sequences using DNA Stacks version 1.1.2 (Eernisse 1992) . The last five codons could not be unambiguously aligned and were excluded from the analyses. Most-parsimonious trees and tests of alternative tree topologies were inferred using PAUP* version 4.0.0.d64 (kindly provided by D.L. Swofford). To estimate support for unambigously supported clades only, parsimony jackknifing (250,000 replicates) was employed (Farris et al. 1996) . Maximum-likelihood trees were reconstructed using PUZZLE version 3.1 and assumed the HKY model of sequence substitution (Hasegawa et al. 1985) . Nucleotide transition/transversion ratios and pyrimidine transition/purine transition ratios were estimated from the data set. Trees were visualized using Treeview version 1.4 (Page 1996) . The distributions of introns were mapped onto the pdg gene phylogeny using MacClade version 3.05 (Maddison and Maddison 1992) . The gene tree was rooted using the T4 pdg gene.
The maximum-likelihood topology (Fig. 6A ) differed from the parsimony-jackknife tree (Fig. 6B ), but only in the resolution of weakly supported nodes, and these differences were not significant (according to KishinoHasegawa tests of likelihoods and Templeton's nonparametric test of parsimony). However, topologies forcing nonmonophyly of the 81-nucleotide intron-containing genes, as well as strict monophyly of all 98-nucleotide intron-containing genes, were significantly worse deviations from the optimal solution. Pdg genes containing the 81-nucleotide intron formed a monophyletic clade comprising the sister lineage to the remaining pdg genes. The 98-nucleotide intron-containing genes were paraphyletic relative to the two clades of non-intron-containing genes.
Discussion
The amino acid sequences of the chlorella virus PDG enzymes did not vary as much as anticipated. For example, the PDG amino acid sequences from six viruses (AR93-2, NC-1C, SC-1A, SC-1B, XZ-3A, and XZ-4A) and from eight viruses (IS-10, NC-1A, NC-1B, NY-2F, BJ-2C, XZ-5C, XZ-6E, and SH-6A) were, respectively, 100 and 98% identical to PBCV-1-PDG. The amino acid sequence for the PDG enzyme from four viruses that contain an 81-nucleotide intron diverged most from the PBCV-1 enzyme, having 90 to 91% amino acid identity.
Two amino acids critical for T4-PDG catalysis are known from x-ray crystal (Morikawa et al. 1992 ) and cocrystal (Vassylyev et al. 1995) structures and studies of site-directed mutations (Hori et al. 1992; Doi et al. 1992) . These amino acids are Thr 2 (Dodson et al. 1993; Schrock and Lloyd 1991) and Glu 23 (Hori et al. 1992; Doi et al. 1992; Manuel et al. 1995) . These two residues are integral for labilizing the glycosyl bond of the 5Ј pyrimidine of the dimer and catalyzing phosphodiester backbone cleavage by ␤-elimination. All chlorella virus PDG enzymes have these two amino acids. The most surprising finding in this study was a 100% conserved 98-nucleotide intron in the pdg gene from 15 of the chlorella viruses. Four other viruses contained a nearly identical 81-nucleotide intron (one virus differs by one base) at the same location in the pdg gene. The remaining 23 viruses lacked introns in the pdg gene. The near-identities of the 81-and 98-nucleotide introns forced us to determine if the results were due to DNA contamination. Consequently, all experiments were repeated using PCR-amplified virus DNA from single plaques. Concurrently, the virus DNAs were cleaved with restriction endonucleases to assure that restriction patterns matched those of the original isolates. No evidence of contamination was detected.
Thirteen of the fifteen 98-nucleotide intron-containing viruses were isolated from water collected in the United States in 1983-1984, including isolates from Massachusetts, New York, North Carolina, South Carolina, Alabama, Illinois, and California. An identical intron was also present in one of two viruses isolated from Argentina in 1996 and a virus from Australia, collected in 1995. Interestingly, several water samples had both intron-containing and intron-lacking viruses. For example, viruses MA-1E, which has a 98-nucleotide intron, and MA-1D, which lacks an intron, came from the same water sample collected in Massachusetts and both viruses were isolated from the same petri plate. Likewise, viruses CA-4A and CA-4B came from the same water sample collected in California in 1984, more than 3000 mi from the Massachusetts site. CA-4A has a 98-nucleotide intron in the pdg gene, whereas CA-4B does not. Similar results were also obtained with water samples collected in North Carolina, Alabama, and Illinois.
Three of the four viruses with the 81-nucleotide intron (NY-2A, NY-2B, and NYs-1) were isolated from the same water sample collected in New York in 1983-1984. The fourth virus was isolated from water collected in Argentina in 1996. Two other viruses isolated from the same petri plate that gave NY-2A, NY-2B, and NYs-1 differed; NY-2C contained the 98-nucleotide intron and NY-2F lacked an intron.
Previously, 37 of the viruses were grouped into 16 classes on the basis of the plaque size, virion antiserum sensitivity, DNA restriction patterns, sensitivity of the DNAs to restriction endonucleases, and nature and abundance of methylated bases in their genomic DNAs (Van Etten et al. 1991) . Nine of these 16 classes have more than one member. We routinely hybridize DNA from these 37 viruses with individual PBCV-1 genes and the resultant hybridization patterns (as dot blots) have generally supported this classification scheme. That is, if one member in a class lacked a particular gene, other members of the class also lacked the gene; e.g., see the hyaluronan synthase gene (Graves et al. 1999) . However, as shown in Table 1 , intron presence in the pdg genes did not fully correlate with this classification scheme. Viruses in five of the nine classes with multiple members have both intron-containing and intron-lacking pdg genes.
The high DNA sequence conservation of the two introns suggests that either the introns were acquired recently and the viruses were rapidly dispersed throughout the world and/or that there is selection to maintain the intron sequence. Since UV repair efficiency was not affected by the intron (Fig. 5) , the intron does not appear to provide a selective advantage for viruses to survive solar UV radiation in their natural habitats. In contrast to the nearly 100% nucleotide identity of the two sets of introns, the 5Ј exon and 3Ј exon sequences in the pdg genes were less conserved (Fig. 3) . These findings contradict the widely excepted dogma that intron sequences vary more than exon sequences (e.g., Lewin 1997) .
Assuming that the T4-PDG gene is an appropriate sister gene, phylogenetic analyses suggest that the genes containing the 81-nucleotide intron represent the ancestral condition among the chlorella viruses (Fig. 6) . Then, at least two scenarios can explain the distribution of the 98-intron and intron-less pdg genes in the remainder of the clade. (i) The 81-nucleotide intron was lost, followed by the independent acquisition of a virtually identical 98-nucleotide intron in at least one successive lineage. The paraphyletic origin of the 98-nucleotide intron requires at least one recombination event among divergent PDG genes. Little is known about recombination among these viruses but PBCV-1 is reported to recombine at a frequency of about 1-3% (Tessman, 1985) . Accordingly, low rates of recombination coupled with the broad distribution of viruses which possess the 98-nucleotide intron imply selective pressures for its origin and maintenance. (ii) After several changes to the original 81-nucleotide intron (a 16-nucleotide insertion, a single nucleotide insertion, and 12/13 nucleotide changes), the 98-nucleotide intron was lost in at least two successive lineages.
The similarity between the two introns suggests that the second scenario is most parsimonious since it requires fewer serendipitous events (independent acquisition of similar introns). However, in contrast to the phylogenetic analyses, the finding that the A+T content of the introns, 78 and 83% for the short and long introns, respectively, differs significantly from the 60% A+T content of the pdg coding regions and the whole PBCV-1 genome (Van Etten et al. 1991) indicates that the introns might have been acquired recently. Incidently, the introns did not come directly from the virus host, Chlorella NC64A, because neither intron hybridized to host DNA nor did oligonucleotide primers used to amplify the introns produce a PCR product with host DNA.
The intron in the pdg gene is not the first intron to be discovered in the chlorella viruses. The PBCV-1 genome contains at least two and probably three types of introns. (i) The PBCV-1 DNA polymerase gene has a 101-nucleotide spliceosomal processed-like intron (Grabherr et al. 1992; Lu et al. 1996) . The 5Ј and 3Ј splice site flanking and putative branch point regions of the intron in the DNA polymerase resemble those of the pdg intron. However, the remainder of the intron in the DNA polymerase gene is only 37% identical to the pdg intron. (ii) A putative transcription factor TFII-like gene, PBCV-1 ORF A125L, contains a group IB self-splicing intron . Some, but not all chlorella viruses, contain this self-splicing intron, which is also highly conserved (Yamada et al. 1994; Nishida et al. 1998) . In contrast to the introns in the pdg gene and DNA polymerase gene, this self-splicing intron can apparently move within the viral genome and appears in three different genes (Yamada et al. 1994; Nishida et al. 1998 ). (iii) The PBCV-1 genome also encodes 10 tRNA genes and 1 of these tRNA genes is predicted to contain a small intron (J.L. Van Etten, unpublished data).
Ultimately, we would like to alter the nucleotides in the intron in the pdg gene and determine the effects of these changes on intron stability. Also it will be interesting to alter the position of the intron in the pdg gene, as well as put the intron in other genes. Unfortunately, procedures to manipulate the chlorella virus genes are not yet available. However, such experiments will be conducted as soon as procedures are developed for doing PBCV-1 gene replacements.
